Since both paradoxical sleep deprivation (PSD) and stress alter male reproductive function, the purpose of the present study was to examine the influence of PSD and other stressors (restraint, electrical footshock, cold and forced swimming, N = 10 per group) on steroid hormones in adult Wistar male rats. Rats were submitted to chronic stress for four days. The stressors (footshock, cold and forced swimming) were applied twice a day, for periods of 1 h at 9:00 and 16:00 h. Restrained animals were maintained in plastic cylinders for 22 h/day whereas PSD was continuous. Hormone determination was measured by chemiluminescent enzyme immunoassay (testosterone), competitive immunoassay (progesterone) and by radioimmunoassay (corticosterone, estradiol, estrone). The findings indicate that PSD (13.7 ng/ dl), footshock (31.7 ng/dl) and cold (35.2 ng/dl) led to lower testosterone levels compared to the swimming (370.4 ng/dl) and control (371.4 ng/dl) groups. However, progesterone levels were elevated in the footshock (4.5 ng/ml) and PSD (5.4 ng/ml) groups compared to control (1.6 ng/ml), swimming (1.1 ng/ml), cold (2.3 ng/ml), and restrained (1.2 ng/ml) animals. Estrone and estradiol levels were reduced in the PSD, footshock and restraint groups compared to the control, swimming and cold groups. A significant increase in corticosterone levels was found only in the PSD (299.8 ng/ml) and footshock (169.6 ng/ml) groups. These changes may be thought to be the full steroidal response to stress of significant intensity. Thus, the data suggest that different stress modalities result in distinct steroid hormone responses, with PSD and footshock being the most similar.
Introduction
Sleep loss, which is increasingly frequent due to life style patterns in developed countries, has been associated with an alteration in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis, with stress hormone release and with rapid autonomic activation (1) .
In animals, regardless of the method used, i.e., single platform, multiple platforms or modified multiple platforms, paradoxical sleep deprivation (PSD) results in altered peripheral evidence of stress, such as body weight loss, reduced thymus weight, and increased adrenal weight (2) . In addition, increased basal and ACTH-stimulated corticosterone levels (3, 4) are also observed, indicating that these techniques are stressful and result in several alterations in catecholamine (5) and hormone levels (6) (7) (8) and in drug-induced behaviors (7) (8) (9) (10) (11) (12) (13) .
A diversity of aversive stimuli applied to animal models on a short-or long-term basis have been used to investigate the response of the HPA and/or gonadal axis to stress (14, 15) . Stress-related hormones are known to modulate male reproductive functions by interfering with the hypothalamic pituitary-gonadal axis. A consequent altered secretion of sex steroids (15, 16 ) and a significant decrease in both the production of maturing spermatids and testicular maturation have been described in rats submitted to immobilization stress (15) .
Stress impairs gonadal function and lowers testosterone levels in male rats (17, 18) ; however, the neuroendocrine mechanisms responsible for testosterone suppression are poorly understood. Moreover, reduced testosterone levels are also observed after PSD periods in contrast to a marked presence of genital reflexes such as in penile erection and ejaculation in adult and old rats (6, 13) . Furthermore, PSD also alters progesterone (6) (7) (8) as well as estrogen (Andersen ML, Bignotto M and Tufik S, unpublished data) in male rats. However, the association between these hormones and stress has not been well documented.
On the basis of these considerations, the purpose of the present study was to examine the influence of PSD and other stressors (restraint, electrical footshock, cold, and forced swimming) on steroid hormone levels in adult male rats.
Material and Methods

Subjects
Sixty male Wistar rats bred in our facilities, aged 3 months, were used in this experiment. Before applying the stressors, rats were allowed to move freely in cages under conditions of alternating light (7:00 to 19:00 h) and darkness (19:00 to 7:00 h) and at room temperature of 22 ± 1ºC. Laboratory chow and water were provided ad libitum. All procedures used in the present study complied with the Guide for the Care and Use of Laboratory Animals and the experimental protocol was approved by the Ethics Committee of UNIFESP (CEP #N064/99).
Experimental procedure
The animals were assigned randomly to stressed or control groups of 10 rats each. The control group consisted of animals that remained inside their home cages and were not manipulated, except for routine cage cleaning. Experimental animals were submitted to one modality of chronic stress applied repeatedly for four days as described below and according to a previous study by Tufik et al. (19) .
Swimming. The rats were introduced individually inside a 23-cm-high container filled with water at 22-24°C and swam twice a day for 1 h each time. After the session, they were removed, allowed to dry and returned to their home cages. The experiment was carried out at 9:00 and 16:00 h.
Restraint. The animals were maintained in plastic cylinders (21 cm in length x 6 cm in diameter) for 22 h/day. In the intervening hours twice a day (1-h periods), the rats were allowed to move freely in their cages to eat and drink at 9:00 and 16:00 h.
Footshock. The animals were placed individually in the compartments (14 x 25 x 28 cm) of an acrylic box containing an electrified grid on the floor, through which the shocks were delivered. Shock intensity was 2 mA, lasting 0.25 s at intervals of approximately 15 s. Four to six shocks were delivered per minute with a variable inter-shock interval, which was changed every 5 min in order to prevent anticipation by the animal. The shocks were applied twice a day for periods of 1 h at 9:00 and 16:00 h.
Cold. The animals were placed individually in a cold chamber at 4ºC, inside a wiremesh cage, twice a day, for periods of 1 h at 9:00 and 16:00 h.
Paradoxical sleep deprivation. The PSD method consisted of placing 10 rats in a tiled water tank (123 x 44 x 44 cm) for 96 h. The tank contained 14 platforms (6.5 cm in diameter) immersed in water up to 1 cm from their upper surface. The rats could thus move around inside the tank by jumping from one platform to another. When they reached the paradoxical phase of sleep, muscle atonia set in and they fell into the water and woke. Control rats lodged in the home cage show normal sleep patterns. During PSD, the animals had food and fresh water available ad libitum. Throughout the study, the experimental room was maintained under controlled temperature (23 ± 1ºC) and a light-dark cycle (lights on at 7:00 and off at 19:00 h). Under these conditions, this procedure caused a complete loss of PSD in each of the four days (20) .
Blood sampling and hormone analyses
All rats (control or stressed) were sacrificed immediately after the last morning application of stress (4-day period) at the same time by decapitation between 9:00 and 11:00 h with a minimum of disturbance in an adjacent room. Blood samples were collected and centrifuged at 1575 g for 10 min and frozen at -20ºC until assayed for hormone levels. All samples for hormone measurement were always quantified in the same assay and the intra-assay coefficients are given in parentheses. Testosterone concentration (6.7%) was measured by chemiluminescent enzyme immunoassay (Immulite Automated Analyses -Diagnostic Products Corporation, Los Angeles, CA, USA). The detection threshold was 10 ng/dl. Progesterone (6.5%) was measured by competitive immunoassay (TOSOH Corporation, Tokyo, Japan) and the minimal detectable concentration was 0.1 ng/ml. For corticosterone determination, trunk blood was collected into pre-cooled plastic vials containing 0.2 ml of a 10% EDTA solution and centrifuged at 1575 g for 10 min at 4ºC. Plasma was extracted, stored in plastic tubes and frozen until the assays were performed. Corticosterone (7.1%) levels were assayed by a double antibody radioimmunoassay method specific for rats and mice using a commercial kit (ICN Biomedicals, Costa Mesa, CA, USA). The sensitivity of the assay is 0.25 ng/ml. Estradiol (4.9%; Diagnostic Products Co., Los Angeles, CA, USA) and estrone (11.1%; Diagnostic Systems Laboratories, Inc., Webster, TX, USA) were assayed by radioimmunoassay. The minimum detection limit is 1.4 and 1.2 pg/ml, respectively. Duplicate serum aliquots for all hormone analyses were used. These assays are routinely performed in our hormone laboratory.
Statistical analysis
Data are reported as means ± SEM and were analyzed statistically by one-way ANOVA. Groups were compared by the post hoc Tukey test. The level of significance was set at P < 0.05.
Results
Changes in serum hormones after different chronic stressors
The testosterone values are shown in Figure 1A . Statistical evaluation of the data revealed a difference among groups [F (5,55) = 10.29; P < 0.0001]. The post hoc Tukey test showed that four days of stress significantly reduced testosterone levels in the PSD (P < 0.001), footshock (P < 0.001) and cold (P < 0.001) groups when compared with the control and swimming groups. Restraint stress 1D) levels were significantly different in the five groups studied (F (5,55) = 37.08; P < 0.0001 and F (5,55) = 22.53; P < 0.0001, respectively). The hormone levels were reduced in the PSD, footshock and restraint groups compared with the control, swimming and cold groups (P < 0.01).
As shown in Figure 2 , the ANOVA test (F (5,55) = 13.41; P < 0.00001) for corticosterone levels revealed the occurrence of a significant effect in response to stress. Statistical analysis by the Tukey test revealed that the PSD groups differed from the home cage and swimming (P < 0.0001), cold and restrained (P < 0.001) and the footshock groups (P < 0.01). Corticosterone levels were higher in the footshock group compared with the control and swimming groups (P < 0.03).
Discussion
The purpose of the present study was to determine whether different kinds of stress would have the same effects on the levels of steroid hormones as previously found in PSD rats (6) (7) (8) . Each kind of stress promotes different changes in each of the hormone levels. While PSD, footshock and cold led to lower testosterone levels, progesterone levels were elevated by footshock and PSD. Furthermore, estrone and estradiol levels were reduced by PSD, footshock and restraint. An overview of the results obtained indicates that different stress modalities result in distinct steroid hormone responses, with PSD and footshock being the most similar.
Some factors appear to be important to understand these variations in stress effects. First, the pattern of change depends on the nature of the stressful experience and the coping strategies mobilized to manage the situation. For instance, it has been suggested that swimming, if considered an exercise, actually results in a short-lasting reduction in serum testosterone levels in men; however, these levels return to basal values during or shortly after finishing the exercise Figure 1 . Serum hormone levels of stressed rats. Data are reported as means ± SEM for 10 rats in each group of serum testosterone (ng/dl, panel A), progesterone (ng/ml, panel B), estrone (pg/ml, panel C) and estradiol (pg/ml, panel D). Rat groups were as follows: non-stressed (control), swimming (SW), paradoxical sleep deprivation (PSD), footshock (FS), cold exposure, and restraint (R). *P < 0.001 compared to control and swimming, # P < 0.01 compared to the cold and immobilized groups, and + P < 0.01 compared to the cold group (ANOVA test). Figure 2 . Corticosterone levels in stressed rats. Plasma levels of corticosterone (ng/ml) in animals maintained in their home cages (control) or submitted to swimming (SW), paradoxical sleep deprivation (PSD), footshock (FS), cold, or restraint (R). Data are reported as means ± SEM for 10 rats in each group. *P < 0.0001 and **P < 0.03 compared to control and swimming, # P < 0.001 compared to cold and immobilized groups, and + P < 0.01 compared to footshock (ANOVA test). Analysis of progesterone levels revealed significant main effects among groups (F (5,55) = 8.87; P < 0.0001). Chronic stress produced a significant increase in progesterone in the footshock (P < 0.01) and PSD (P < 0.001) groups compared to the control (P < 0.01), swimming (P < 0.001), cold (P < 0.01) and restraint (P < 0.001) groups, as illustrated in Figure 1B .
Estrone ( Figure 1C ) and estradiol ( Figure   Groups # (21, 22) . The absence of significant changes in hormonal levels observed in the group submitted to forced swimming seems to confirm this suggestion. Second, stress effects vary in their time course and duration. Some important differences in responses emerge only with chronic stimulation, whereas other effects arise after intermittent stimulation. In fact, according to López-Calderón (23), rats subjected to chronic restraint for up to 4 consecutive days show reduced circulating levels of testosterone, whereas we subjected the animals to 22 h/day also for 4 consecutive days. It has been suggested that stress-induced lower testosterone levels are mediated by luteinizing hormone (LH) (24) . The precise mechanism of the inhibitory effect of prolonged stress on testosterone, however, is not yet fully understood since the alterations in androgenic response are not always associated with altered LH levels (15, 25) . The lack of concurrent significant changes in LH levels implies that LH may not be involved in the testosterone response (26) , suggesting that a testosterone depressor mechanism may involve other processes.
Gonadal steroid hormones regulate various neuroendocrine events including sexual behaviors by acting on the central nervous system (27) . In males, testosterone exerts motivational effects necessary for the display of male sexual behavior (28) . The suppression of testosterone has been attributed to increased levels of corticosteroids as part of the stress response. Increased corticosteroid levels are used as an index of stress (29) . Palma et al. (30) studying acute stress modalities for 1 h reported that footshock induced the greatest adrenocorticotropin (ACTH) response, while restraint and PSD resulted in higher levels than cold stress. Animals exposed to cold, in contrast, exhibited the highest corticosterone levels compared to the other stressors.
It has been proposed that higher corticosteroid levels may suppress gonadotropins (31) and directly suppress testicular functions (32) . In 1997, Fadda and Fratta (33) reported that rats exposed to 72 h of PSD showed a marked increase in corticotropinreleasing factor (CRF) levels in striatum, limbic and pituitary areas, whereas the hypothalamic CRF content was reduced. These results indicate that increased CRF release could stimulate corticosterone secretion, indicating that PSD is a stressful event.
The decreased serum testosterone, estradiol and estrone levels in the footshock and PSD groups were associated with marked increases in progesterone. Andersen et al. (6) (7) (8) showed that the decreased levels of testosterone observed could not be considered to be as the main factor predominating over the sexual behavior observed in the groups studied.
These results raise several questions concerning the origin of this increased progesterone and its role in stressed animals. Studies indicate that the adrenal cortex of the rat is able to synthesize and secrete significant amounts of progesterone (34, 35) . Thus, the increased levels of progesterone could be a response to higher adrenal weight induced by the well-established stressor method of PSD (4) . Increased adrenal weight of animals submitted to PSD may reflect a hyperfunctioning of the glands triggered by this stress and could explain, in part, the increased levels of progesterone in rats exposed to PSD and footshock. The increase in ACTH produced by stress may be responsible for the increase in progesterone as well as in corticosterone levels, since ACTH has been shown to stimulate adrenal progesterone production (35, 36) .
Estrone and estradiol levels were decreased in the PSD, footshock and restraint groups. In addition to testosterone, Leydig cells also secrete small amounts of estradiol and estrone; however, synthesis in peripheral tissues is the main factor responsible for their circulating levels. Testosterone is the substrate for the synthesis of these estrogens and therefore any alteration of its concentration may also alter the secretion of these estrogens. Indeed, footshock and PSD produced a marked decrease in estrone and estradiol levels compared to home cage, cold and swimming animals. Estrogen appears to exert effects at multiple sites within putative HPA axis control pathways, even though most of the relevant neuronal populations do not contain genomic receptors for this gonadal steroid. Furthermore, the pattern of estrogen action also differs between an emotional and a physical stressor (37) .
Finally, it is necessary to point-out that corticosterone level determinations represent an important parameter for the comparative purpose of the present study. Since it is methodologically difficult to design two or more conditions with equivalent stress intensities, corticosterone dosages may rank them. As depicted in Figure 2 , significant increases in the levels of this hormone were found only in the PSD and footshock groups. In both cases, a decrease in testosterone, estradiol and estrone and an increase in progesterone levels were observed. These changes may be thought to be the full steroidal response to stresses of significant intensities. They seem to be an adjustment for sexual activity restriction, since such activities are incompatible with dangerous or extremely aversive situations. The occurrence of one or two changes in these hormones, on the other hand, seems to be an effect of low intensity or short-lasting stresses or evoked by the different qualities of such stresses. In fact, long-lasting sleep deprivation may occur in overcrowded rats and decreased fertility is one mechanism of population density control. Swimming, however, is an eventual and short-lasting incident in a rat's life that does not require reduction of sexual activity.
